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ABSTRACT 

Replication and transcription activator (RTA) of gammaherpesvirus is an immediate early gene product and regulates the ex- 
pression of many downstream viral lytic genes. ORF48 is also conserved among gammaherpesviruses; however, its expression 
regulation and function remained largely unknown. In this study, we characterized the transcription unit of ORF48 from murine 
gammaherpesvirus 68 (MHV-68) and analyzed its transcriptional regulation. We showed that RTA activates the ORF48 pro- 
moter via an RTA-responsive element (48pRRE). RTA binds to 48pRRE directly in vitro and also associates with ORF48 pro- 
moter in vivo. Mutagenesis of 48pRRE in the context of the viral genome demonstrated that the expression of ORF48 is activated 
by RTA through 48pRRE during de novo infection. Through site-specific mutagenesis, we generated an ORF48-null virus and 
examined the function of ORF48 in vitro and in vivo. The ORF48-null mutation remarkably reduced the viral replication effi- 
ciency in cell culture. Moreover, through intranasal or intraperitoneal infection of laboratory mice, we showed that ORF48 is 
important for viral lytic replication in the lung and establishment of latency in the spleen, as well as viral reactivation from la- 
tency. Collectively, our study identified ORF48 as an RTA-responsive gene and showed that ORF48 is important for MHV-68 
replication both in vitro and in vivo. 


IMPORTANCE 

The replication and transcription activator (RTA), conserved among gammaherpesviruses, serves as a molecular switch for the 
virus life cycle. It works as a transcriptional regulator to activate the expression of many viral lytic genes. However, only a limited 
number of such downstream genes have been uncovered for MHV-68. In this study, we identified ORF48 as an RTA-responsive 
gene of MHV-68 and mapped the cis element involved. By constructing a mutant virus that is deficient in ORF48 expression and 
through infection of laboratory mice, we showed that ORF48 plays important roles in different stages of viral infection in vivo. 
Our study provides insights into the transcriptional regulation and protein function of MHV-68, a desired model for studying 
gammaherpesviruses. 


Keris sarcoma-associated herpesvirus (KSHV), also known than 80 proteins (7, 8) although the function of many viral pro- 
as human herpesvirus 8 (HHV-8), isa member of the gamma teins remains mysterious. Until recently, studies on the function 
subfamily of the Herpesviridae and is etiologically associated with of KSHV lytic proteins had been severely hampered due to the lack 
several human malignances, such as Kaposi’s sarcoma, multicen- of an effective de novo lytic infection system and, more impor- 
tric Castleman’s disease, and primary effusion lymphoma (1). tantly, the lack of suitable small-animal models. Murine gamma- 


Like all other herpesviruses, KSHV exhibits two distinct life cycles: herpesvirus 68 (MHV-68) is a member of the gammaherpesvirus 
latency and lytic replication. During the latent stage, the viral ge- 


nome resides in the nucleus as a circular episome and expresses 
only a subset of viral genes, with no production of infectious viral 


particles (2—4). In contrast, during lytic replication, most, if not all Received 13 February 2015 Accepted 8 March 2015 
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and transmission to new hosts. Except in some types of multicen- 
tric Castleman’s disease, viral latency is the predominant form of 
infection in most KSHV-associated diseases and, hence, is consid- 
ered to directly contribute to KSHV-related tumorigenesis. Even 
though viral lytic replication is found only in a small fraction of 
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KSHV, with a genome of approximately 165 kb, encodes more 
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subfamily, and it is genetically and biologically closely related to 
KSHV (9). MHV-68 replicates in permissive cell lines in a robust 
manner, and its bacterial artificial chromosome (BAC) system fa- 
cilitates genetic manipulation and subsequent functional assays. 
Moreover, as a natural pathogen to small rodents, MHV-68 can 
establish transient lytic infection in the lung, followed by latent 
infection in B lymphocytes and macrophages in the spleen of lab- 
oratory mice (10, 11) after infection via the respiratory route. 
Consequently, MHV-68 has served as a model for studying its two 
human counterparts, KSHV and Epstein-Barr virus (EBV), in re- 
cent years. 

The replication and transcription activator (RTA), mainly en- 
coded by ORF50, is conserved among gammaherpesviruses (12— 
15). As an immediate early gene product, RTA serves as a molec- 
ular switch in the life cycle of KSHV and MHV-68 by initiating 
lytic replication and activating downstream gene transcription 
(15-19). In order to better understand the cascade control of gam- 
maherpesvirus lytic gene expression, it is critical to identify viral 
genes activated by RTA and to investigate the mechanisms by 
which RTA regulates the expression of these viral genes. In KSHV, 
a number of genes have been reported to be activated by RTA 
(19-29), while in MHV-68, only three RTA-responsive genes have 
been identified, which are v-cyclin, ORF18, and ORF57 (30-32). 

According to sequence alignment, ORF48 is conserved in all 
gammaherpesviruses. In KSHV, ORF48 was reported to be an 
immediate early gene with unknown function (33); in MHV-68, it 
was reported to be a tegument-associated protein (34) but was not 
essential for viral lytic replication or latency establishment, and its 
function was unclear (35, 36). However, rather than being based 
on site-specific mutagenesis, these results were mainly based on 
studies using deletion of large fragments (36) or insertions (35). 
Because this genomic region is very compact, such large-scale ge- 
netic manipulations might affect the expression of several neigh- 
boring genes and thus alter the viral phenotype, masking the true 
function of ORF48. 

In this study, we investigated the transcriptional regulation 
and in vivo function of ORF48. We report here that ORF48 is a 
viral early gene product and can be activated by RTA. We further 
identified an RTA-responsive element (RRE) in the ORF48 pro- 
moter (designated 48pRRE) through reporter assays, showed di- 
rect binding of RTA to 48pRRE in vitro and in vivo, and validated 
it during MHV-68 de novo lytic infection. By constructing an 
ORF48-null virus through site-specific mutagenesis, we showed 
that ORF48 is important for viral lytic replication in the lung, 
establishment of latency in the spleen, and viral reactivation from 
latency. 


MATERIALS AND METHODS 


Cells, viruses, and plaque assays. All cells were cultured at 37°C in the 
presence of 5% CO). 293T cells, BHK-21 cells, and Vero cells were grown 
and maintained in Dulbecco’s modified Eagle’s medium (DMEM; Gibco) 
containing 10% fetal bovine serum (HyClone) and antibiotics (50 U of 
penicillin and 50 wg of streptomycin per ml). MHV-68 was originally 
obtained from Ren Sun (University of California, Los Angeles) and was 
propagated by infecting BHK-21 or NIH 3T3 cells at a multiplicity of 
infection (MOI) of 0.05 PFU/cell. At 5 days postinfection (p.i.), the su- 
pernatant was harvested and cleared of large cellular debris by centrifuga- 
tion (1,500 X g for 15 min at 4°C). To infect BHK-21 cells, the viral 
inoculum in DMEM was incubated with cells for 1 h with occasional 
swirling. The inoculum was removed and replaced with fresh DMEM plus 
10% fetal bovine serum. For experiments involving cycloheximide (CHX; 
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Sigma) or phosphonoacetic acid (PAA; Sigma), cells were treated at a 
concentration of 200 ug/ml during and after viral inoculation until they 
were harvested. Viral titers were measured by a standard plaque assay as 
descried previously (37). Briefly, monolayers of BHK-21 cells were in- 
fected with virus for 1 h and overlaid with 1% methylcellulose (Sigma) for 
5 days. Cells were fixed and stained with 0.2% crystal violet (in 20% 
ethanol), and plaques were then counted to determine the titer. 

Plasmid construction. Plasmid p48p1 was constructed by amplifying 
through PCR a 1-kb fragment upstream of the ORF48 initiation codon 
(GenBank accession number NC_001826.2, nucleotides [nt] 66584 to 
67626) using primers ORF48pF1 (5’-CAGACGCGTTATCCTTCTCTGG 
AAAGCGTGG-3’) and ORF48pR (5’-CAGAGATCTTATCCCACAATG 
TGCTGCAGTC-3’) and cloning into the BglII and Mlul sites of pGL3- 
basic (Promega). The 5’ end deletion mutants of p48p1 (p48p2 to p48p5) 
were generated by PCR through a similar strategy. The site-directed mu- 
tagenesis mutants based on p48p2 were generated via a PCR-based mu- 
tagenesis system. All deletion and site-directed mutations were confirmed 
by sequencing. 

To construct pCMVHA-mRTA (where mRTA is MHV-68-encoded 
RTA), the rta genomic sequence was amplified by PCR with the primers 
RTAF (5'-GCGAATTCCGATGGCCTCTGACTCG-3’) and RTAR (5'-C 
AGGGTACCTTTGGCACCGTTTATGACT-3’). The PCR product was 
subjected to EcoR I and KpnI digestion and then cloned into pCMV-HA 
(Clontech) vector. 

RNA extraction, Northern blotting, and reverse transcription. Total 
RNA was extracted from BHK-21 cells infected with MHV-68 at an MOI 
of 5 at different time points using TRIzol reagent (Invitrogen). A 10-ug 
portion of each RNA sample was denatured and then separated on a 1% 
agarose gel containing 2% formaldehyde in MOPS buffer (20 mM mor- 
pholinepropanesulfonic acid [MOPS], 5 mM sodium acetate, and 2 mM 
EDTA, pH 7.0). An RL6000 RNA ladder (TaKaRa) was loaded onto the gel 
as a size standard. RNAs were transferred to a charged nylon membrane 
(Amersham Pharmacia Biotech). The membrane was UV cross-linked, 
prehybridized, and hybridized at 65°C in formamide prehybridization/ 
hybridization solution (50% formamide, 5X SSC [1X SSC is 0.15 M NaCl 
plus 0.015 M sodium citrate], 5X Denhardt’s solution, 1% SDS) with a 
biotin-labeled double-stranded DNA probe. 

For reverse transcription, 2 wg of RNA was reverse transcribed by 
Moloney murine leukemia virus reverse transcriptase (M-MLV) using 
oligo(dT); primer. ORF48 and B-actin coding sequences were amplified 
by PCR. PCR products were resolved by 1.5% agarose gel electrophoresis 
and visualized by ethidium bromide staining. 

The labeling reactions for double-stranded DNA probes were per- 
formed in a 20-pl reaction mixture (0.5 mM [each] dATP, dGTP, and 
dCTP, 0.25 mM dTTP, 0.25 mM biotin-dUTP, 400 ng of template DNA, 
5 pmol of primer, and 0.5 U of Taq polymerase). PCR was initiated with a 
denaturing step of 4 min at 94°C, followed by 35 cycles of sequential steps 
of 1 min at 94°C, 30s at 55°C, and 1 min at 72°C. Finally, the reaction was 
extended for 5 min at 72°C. 

RACE. Total RNA was extracted from BHK-21 cells 12 h after infec- 
tion with MHV-68 (MOI of 1) using TRIzol reagent (Invitrogen). The 5’ 
and 3’ ends of the ORF48 mRNA were identified using a FirstChoice RNA 
ligase-mediated rapid amplification of cDNA ends (RLM-RACE) kit 
(Ambion). Briefly, for the 5’ end, total RNA was treated with calf intestine 
alkaline phosphatase (CIP) to remove free 5’ phosphates. The cap struc- 
ture found on intact 5’ ends of mRNA was not affected by CIP. The RNA 
was then treated with tobacco acid pyrophosphatase (TAP) to remove the 
cap structure from full-length mRNA, leaving a 5’ monophosphate. A 
45-base RNA adapter oligonucleotide was ligated to the RNA population 
using T4 RNA ligase. A random-primed reverse transcription reaction 
and subsequent nested PCR with specific primer located at nt 66362 on 
the MHV-68 genome were then carried out. For the 3’ end, first-strand 
cDNA was synthesized from total RNA, using the supplied 3’ RACE 
adapter. The cDNA was then subjected to PCR using a 3’ RACE primer 
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FIG 1 Characterization of the MHV-68 ORF48. (A) Schematic diagram of the locus containing RTA and ORF48 on the MHV-68 genome. Transcription 


initiation and termination sites of the ORF48 transcripts as mapped by 5’ and 3’ 


RACE assays are also shown. A total of six clones from 5’ RACE were sequenced; 


the transcription initiation sites were mapped to nt 66605 in four clones and to nt 66603 in two other clones. A total of six clones from 3’ RACE were sequenced; 
the transcription termination sites were mapped to nt 64867 in five clones and to nt 64869 in one additional clone. (B) MHV-68 ORF48 is expressed as an early 
gene. Cells were infected by MHV-68 at an MOI of 2 in the presence of CHX or PAA or left untreated. Total RNA was collected at 0, 8, 12, and 24 h postinfection 
and analyzed by Northern blotting with a probe targeting the ORF48 coding region. N, none treated; C, CHX treated; P, PAA treated. 


that is complementary to the anchored adapter with another specific 
primer located at nt 65629 on the MHV-68 genome. 

Antibodies, Western blotting, and indirect immunofluorescence as- 
say. Cells were lysed in 1X protein loading buffer, heated at 95°C, and run 
on SDS-PAGE gels for Western blotting. Proteins were then transferred 
onto a polyvinylidene difluoride (PVDF) membrane (Millipore), incu- 
bated sequentially with primary antibody and secondary antibody, and 
detected by an enhanced chemiluminescence system (Millipore). For in- 
direct immunofluorescence assay, Vero cells were infected with recombi- 
nant MHV-68 virus (r68) atan MOI of 0.5 and fixed with 4% paraformal- 
dehyde after 12 h of infection. The fixed cells were permeabilized with 
phosphate-buffered saline (PBS) plus 0.2% Triton X-100, incubated se- 
quentially with mouse monoclonal anti-HA (1:500) antibody as the pri- 
mary antibody and with secondary antibody conjugated to fluorescein 
isothiocyanate (1:100) or indodicarbocyanine (Cy5), stained with 4’,6’- 
diamidino-2-phenylindole (DAPI; 1 ug/ml), and examined using a con- 
focal microscope (Olympus). 

Dual-luciferase reporter assay. A dual-luciferase reporter assay system 
(Promega) was used to test promoter activity. Fifty nanograms of reporter 
plasmids was individually transfected into 293T cells in a 24-well plate with 
either 900 ng of pCMVHA-mRTA plasmid or empty pCMV-HA vector using 
Lipofectamine 2000 (Invitrogen). Ten nanograms of pRL-CMV vector, 
which contains the coding sequence for Renilla luciferase under the control 
of a constitutively active CMV promoter, was included in each transfec- 
tion and served as an internal control for transfection efficiency. 293T cells 
were collected at 48 h posttransfection. Cells were washed with 1x PBS 
and incubated with 100 pl of 1X passive lysis buffer (PLB) provided by the 
manufacturer. Lysates were centrifuged at top speed in a microcentrifuge 
for 5 min, and supernatants were assayed for reporter activities according 
to the manufacturer’s instructions. 

EMSA. An electrophoretic mobility shift assay (EMSA) was performed 
according to a previously described method (32, 38, 39). Briefly, oligonu- 
cleotides were labeled with a biotin 3’ end DNA labeling kit (Pierce) and 
then incubated with nuclear extract from pFLAGCMV2-mRTA-trans- 
fected 293T cells. For a supershift assay, 1 wl of anti-FLAG antibody 
(Sigma) was added into the binding reaction mixture. For a competition 
assay, a 200-fold excess amount of unlabeled RREA oligonucleotide was 
added. After incubation, oligonucleotides were resolved on native poly- 
acrylamide gels and then transferred onto Hybond-N+ membrane and 
immobilized by UV cross-linking. Biotin-labeled oligonucleotides were 
detected using a Phototope-Star chemiluminescence detection kit accord- 
ing to the manufacturer’s protocol (New England BioLabs). 
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ChIP assay. Two million 293T cells were transfected with 1 wg of 
p48p2 or p48p2-mDI (where mDI indicates a mutation in ORF48 pro- 
moter sites D and I) and 9 wg of pFLAGCMV2-mRTA (or empty vector 
pFLAGCMV2). Two days later, cells were washed twice with PBS and 
cross-linked with 1% formaldehyde. After three more washes with PBS, 
cells were lysed in 450 ul of SDS lysis buffer, and DNA was fragmented by 
sonication. The lysate was centrifuged at 15,000 X g for 15 min to remove 
cellular debris. For chromatin immunoprecipitation (ChIP), 200 pl of 
supernatant was diluted in 1,800 wl of ChIP dilution buffer and further 
incubated with 10 wl of anti-FLAG antibody-conjugated beads (Sigma). 
Beads were pelleted at low speed, sequentially washed with low-salt wash 
buffer, high-salt wash buffer, LiCl buffer, and Tris-EDTA (TE) buffer (pH 
8.0). DNA-protein complexes were eluted from the beads by incubation 
in 250 wl of elution buffer. NaCl was added to the elution buffer at a final 
concentration of 100 mM, and DNA-protein cross-links were reversed by 
incubation at 65°C for 4 h. Following treatment with proteinase K, DNA 
was extracted with phenol-chloroform and precipitated with ethanol. 
DNA was quantified by real-time PCR with the following primers: 
ORF48p-F, 5'-GCA GAA ATT CCC TCG TAG TGC-3’; ORF48p2-R, 
5'-TGG AAA TCT GGT AGC TCC TCC TA-3’; actin-F, 5’-AGT TGC 
GTT ACA CCC TTT CTT G-3’; actin-R, 5’-CAC CTT CAC CGT TCC 
AGT TTT-3’. 

Generation of recombinant MHV-68. Based on an MHV-68 BAC, a 
series of recombinant constructs, including BAC-RTAFLAG-48HA, 
BAC-mDI, BAC-48S, and BAC-48S.R (a revertant of BAC-48S), were 
generated by allelic exchange in Escherichia coli, using procedures de- 
scribed previously (40, 41). Briefly, a fragment spanning the target region 
and the flanking sequences was cloned into ampicillin (Amp)-resistant 
plasmid pGS284, harbored in E. coli GS111, and used as the donor strain 
for allelic exchange with the recipient strain GS500 (recA) harboring 
chloramphenicol (Cam)-resistant MHV-68 (BAC-7). For BAC-48S, nu- 
cleotides GAG were also inserted downstream of the stop codon sequence 
to generate an Xhol site and facilitate screening of the clones. The restric- 
tion patterns of BAC constructs were verified by comparison with those of 
BAC-7. Fragments with mutation sites were PCR amplified from BAC 
plasmids and sequenced to confirm that all mutations are correct. 

To propagate the mutant MHV-68 viruses, the desired recombinant 
BACs were transfected into BHK-21 cells, and supernatant from each 
transfection was collected when cells showed complete cytopathic effect 
(CPE). Virus titer was determined by plaque assay. To remove the vector 
sequence from MHV-68 BAC viruses, 293T cells were cotransfected with 
MHV-68 BAC DNA and a plasmid expressing Cre recombinase. Three 
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FIG 2 RTA activates the ORF48 promoter in the reporter assay. (A) Diagram of the 1-kb ORF48 promoter and a series of 5' deletion fragments. (B and C) 
Dual-luciferase reporter assays showing the basal activities of the ORF48 promoter constructs and their activation by RTA. (D) Diagram of systematic site- 
directed mutations of 48pRRE. The wild-type sequences are shown on the top, and the mutated sequences and the names of the corresponding reporter plasmids 
(mA to mJ) are shown below. (E) Reporter assays with the 48pRRE mutants identified nucleotides critical for 48pRRE function. The fold activation by RTA for 
the vector is significantly different from that for each of the ORF48 promoter reporter plasmids except mDI (P < 0.01). The difference between activation for 
48p2 and that for each of mD, mE, mG, mH, and ml is also significant (P < 0.01). 


days posttransfection, a single viral clone was isolated by limiting dilution 
and propagated for further studies. 

DNA extraction and real-time PCR. To measure the copy numbers of 
viral genomes, total DNA was extracted from splenocytes by phenol-chlo- 
roform extraction. DNA was amplified by TransStart Eco Green qPCR 
SuperMix (Transgen) according to the manufacturer’s instructions with 
primers located in the ORF65 region on the MHV-68 genome (Q- 
ORF65F, 5’-GTCAGGGCCCAGTCCGTA, and Q-ORF65R, 5’-TGGCC 
CTCTACCTTCTGTTGA). Amplification and detection were performed 
using a Bio-Rad MyIQ real-time PCR detection system. For each reaction, 
100 ng of DNA was analyzed in triplicates, and a standard curve was 
obtained by measuring 5.12 X 10° ng to 10 ng of MHV-68 BAC spiked 
into 100 ng of splenocyte DNA from an uninfected mouse. 

Mouse administration and in vivo infection. Maintenance of mice 
and experimental procedures were approved by the Animal Welfare and 
Research Ethics Committee of the Institute of Biophysics, Chinese Acad- 
emy of Sciences. All procedures were performed under pentobarbital so- 
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dium anesthesia to minimize the suffering of mice. Four- to six-week-old, 
specific-pathogen free (SPF) female BALB/c mice were purchased from 
Vital River Laboratory Animal Technology. For in vivo infection, r68, 48S, 
and 48S.R viruses were amplified in NIH 3T3 cells and purified by cen- 
trifugation to remove cellular debris. The mice were anesthetized intra- 
peritoneally (i.p.) with pentobarbital sodium (50 mg/kg body weight) and 
then either inoculated intranasally (i.n.) with 15 ul of viral stock contain- 
ing 500 or 5 X 10* PFU of recombinant MHV-68 viruses or infected 
intraperitoneally (i-p.) with 500 PFU of recombinant MHV-68 viruses in 
500 wl of DMEM. The viral titers in the lung and viral reactivation from 
splenocytes were examined as described previously (42, 43). Briefly, the 
lung was homogenized in 1 ml of DMEM, and the virus titers were deter- 
mined by three independent plaque assays. For infectious center assays, 
serial dilutions of splenocytes were laid onto BHK-21 cells, and after 6 
days BHK-21 cells were fixed to determine the numbers of plaques. The 
plaques referred to as infectious centers arise as a result of the virus reac- 
tivation from latency. For ex vivo limiting dilution assays, BHK-21 cells 
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were seeded in 96-well plates at 10° cells/well. Twofold serial dilutions of 
splenocytes starting at 10° cells per well were plated onto BHK-21 cells. 
After 7 days, each well was scored for cytopathic effects, and the percent- 
age of cytopathic effects per 24 wells was determined for each dilution. 


RESULTS AND DISCUSSION 


The MHV-68 ORF48 is an early gene. The ORF48 gene is located 
in the middle of the MHV-68 genome, but its expression has not 
been thoroughly analyzed. We first sought to characterize the 
transcription unit of ORF48 by identifying the termini of ORF48 
transcripts. We infected BHK-21 cells, which are permissive for 
robust MHV-68 lytic replication, for 12 h and isolated total RNA 
to perform both 5’ and 3’ rapid amplification of cDNA ends 
(RACE). As shown in Fig. 1A, the ORF48 transcript initiates at nt 
66605 (GenBank accession number NC_001826.2) and termi- 
nates at nt 64847, and thus the calculated size of the ORF48 tran- 
script would be 1.9 kb. We then examined transcriptional kinetics 
of ORF48 during MHV-68 de novo infection. We infected cells 
with MHV-68 in the absence or presence of either cycloheximide 
(CHX) or phosphonoacetic acid (PAA), collected cells at the time 
points indicated on Fig. 1B, and analyzed ORF48 expression by 
Northern blotting. The size of the detected ORF48 transcript is 1.9 
kb (Fig. 1B), consistent with what is predicted from the RACE 
data. Moreover, expression of the ORF48 mRNA was resistant to 
inhibition by PAA (Fig. 1B, lanes 6 and 9) but completely vanished 
in the presence of CHX (Fig. 1B, lanes 3, 5, and 8), indicating that 
ORF48 is a viral early gene. This result was consistent with the 
findings from a previous genome-wide transcription profiling 
work (44). 

RTA activates ORF48 via 48pRRE in a reporter assay. RTA, 
expressed as an immediate early gene product, acts as a master 
regulator of lytic replication for MHV-68 and can activate several 
viral early genes (30-32). Since ORF48 is expressed as an early 
gene, we sought to examine whether it can also be activated by 
RTA. We first employed a luciferase reporter system to test 
whether the ORF48 promoter can be activated by RTA. We cloned 
a 1-kb fragment upstream of the ORF48 translational start codon 
(GenBank accession number NC_001826.2, nt 66584 to nt 67626) 
(Fig. 1A and 2A) into the pGL3-basic vector to generate reporter 
plasmid p48p1 and then cotransfected p48p1 with pCMVHA- 
mRTA (or pCMV-HA as a vector control) into 293T cells to test 
the effect of RTA protein on the transcriptional activity from 
ORF48 promoter. As shown in Fig. 2B and C, p48p1 displayed 
some basal promoter activity (Fig. 2B) that can be increased by 
more than 400-fold in the presence of RTA (Fig. 2C), demonstrat- 
ing strong activation by RTA. In comparison, the control plasmid 
pGL3-basic was not activated (Fig. 2B and C). 

In order to map the ORF48 promoter’s essential region that 
mediates RTA activation, we constructed a series of 5’ deletion 
plasmids based on p48p1, named p48p2 to p48p5 (Fig. 2A), and 
applied them to the reporter assay as described above. Results 
demonstrated that whereas these constructs displayed similar 
basal promoter activities, the level of activation by RTA remained 
at over 300-fold for p48p1 to p48p4 but fell dramatically to less 
than 2-fold for p48p5 (Fig. 2B and C), indicating that an RTA- 
responsive element (RRE), designated 48pRRE, lies between nt 
66691 and nt 66742 in the MHV-68 genomic region. 

To identify the critical nucleotides mediating RTA activation, 
10 reporter plasmids with site-directed mutations were con- 
structed based on p48p2 (Fig. 2D) and tested for their activation 
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RREA: AADAAAGTCTCTITITGATGTGTTTACT 
48pRRE: GTTGTATTTTTGAGTGTAGATTGAAAAGAGTTGTGCTC 
48pRRE-mDI: GTITGTAagcTTGAGTGTAGATTGAAActcgagGTGCTC 
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FIG 3 RTA binds to 48pRRE in vitro and in vivo. (A) Sequences of biotin-labeled 
probes used in EMSA. (B) RTA specifically binds to 483pRRE in EMSA. Nuclear 
extract from pFLAGCMV2-RTA-transfected 293T cells was incubated with bio- 
tin-labeled probes (RREA, 48pRRE, and 48pRRE-mDI). In supershift reactions, 
anti-FLAG antibody was added; in competition reactions, a 200-fold excess 
amount of unlabeled RREA oligonucleotides was added. (C) RTA associates with 
ORF48 promoter in a ChIP assay. 293T cells were transfected with ORF48 pro- 
moter plasmids (p48p2 or p48p2-mDI) and pFLAGCMV2-RTA (or empty vector 
pFLAGCMV2 as a control). A ChIP assay was performed by cross-linking DNA- 
protein complexes and immunoprecipitation with anti-FLAG antibody-conju- 
gated beads. Quantitative PCR was performed with primers specific for the ORF48 
promoter region or actin coding region as a control. Three independent experi- 
ments were performed, and the relative amount of immunoprecipitated DNA was 
first normalized to the input DNA and then compared to that of control vector 
(pFLAGCMV2)-transfected cells. *, P < 0.05; ns, P > 0.05. 


level by RTA. Mutations in two small clusters of nucleotides in the 
ORF48 promoter (one consisting of sites D and E and one con- 
sisting of sites G, H, and I) decreased the level of activation by RTA 
to approximately half of that of p48p2 (Fig. 2E). Combined mu- 
tations in sites D and I, termed mDI, abolished the activation of 
ORF48 promoter by RTA (Fig. 2E), indicating that nucleotides in 
sites D and I are critical for the function of 48pRRE. 

RTA binds to 48pRRE directly. Gammaherpesvirus RTA can 
activate viral promoters through two distinct mechanisms: by di- 
rectly binding to RRE and indirectly by activating other transcrip- 
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FIG 4 Construction ofan RTA and ORF48 doubly tagged MHV-68 virus and an mDI mutant virus. (A) Diagram of the sequences and locations of the FLAG and 
HA tags on the viral genome, as well as the sequence of mDI mutant virus in comparison to that of the wild-type virus. (B) Restriction enzyme digestion analysis 
of wild-type MHV-68 BAC-7, BAC-RTAFLAG-48HA, and BAC-RTAFLAG-48HA-mDI. (C) Multiple-step growth curves of wild-type MHV-68 and doubly 
tagged virus (rMHV68). (D) Detection of FLAG-tagged RTA and HA-tagged ORF48 during wild-type MHV-68 and rMHV68 de novo infection. Cells were 
infected at an MOI of 3 for 12 h and then collected for Western blotting. (E) Cellular localization of ORF48 and RTA during de novo infection. Vero cells were 
infected with rMHV68 for 12 h and then subjected to an indirect immunofluorescence assay. Green, ORF48; red, RTA. 


tion factors (14, 19). To explore the mechanism of how RTA ac- (RREA) (32) was included as a control (Fig. 3A). As shown in Fig. 
tivates ORF48 promoter, we first tested whether RTA canbindto 3B, FLAG-RTA containing nuclear extract shifted both probes 
48pRRE directly in vitro in an electrophoretic mobility shift assay RREA and 48pRRE but with different affinities (lanes 2 and 6). 
(EMSA). A previously identified MHV-68 RTA binding sequence The RTA-bound complexes formed on RREA or 48pRRE were 
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FIG 5 RTA activates transcription and expression of ORF48 via 48pRRE from MHV-68 genome. (A and B) Recombinant virus rMHV68 or rMHV68-mDI was 
used to infect 293T cells which had been transfected with pCMVHA-mRTA (or pCMV-HA) 24 h before infection. Four hours after infection, total RNA was 
isolated for analyzing ORF48 expression by RT-PCR with primers specific to the ORF48 coding region (nt 65852 to 65997) (A) or Northern blotting with a probe 
targeting the ORF48 coding region (B). (C) RTA activated the expression of endogenous ORF48 protein via 48pRRE. Transfection and infection were performed 
as described above, and cells were harvested at the indicated time points, followed by Western blotting. (D) A dominant negative form of RTA (FLAG-RD2) 
inhibited the expression of endogenous ORF48. Expression plasmid FLAG-RD2 or a vector control was transfected into cells 24 h prior to infection with rMHV68 
or rMHV68-mDI. Cells were collected at 8 h after infection and analyzed by Western blotting with antibodies against the HA epitope (ORF48) and FLAG epitope 
(endogenous RTA and FLAG-RD2). The relative expression levels of endogenous RTA-FLAG and ORF48-HA were calculated with Image]. 


supershifted by a monoclonal anti-FLAG antibody (lanes 3 and 
7), while unlabeled probes competed for the binding of RTA to 
RREA or 48pRRE (lanes 4 and 8), demonstrating the specificity 
of RTA binding to 48pRRE. Introducing mutation mDI into 
48pRRE abolished the binding of RTA (lanes 9 to 12), indicat- 
ing that the nucleotides in sites D and I, which are critical for 
the function of 48pRRE in a reporter assay, also play critical 
roles in mediating direct binding by RTA. 

We next examined whether RTA also associates with the 
ORF48 promoter in vivo. We cotransfected 293T cells with the 
FLAG-RTA expression plasmid (or with vector as a control) and 
the reporter plasmid containing the ORF48 promoter (ORF48P2 
or ORF48P2mDI) and then analyzed the binding of RTA to the 
ORF48 promoter with a ChIP-quantitative PCR (qPCR) assay. As 
shown in Fig. 3C, RTA is specifically associated with the wild-type 
ORF48 promoter but not with either the mDI mutant or actin 
coding region. Collectively, our results from EMSA and ChIP as- 
say indicate that RTA activates the ORF48 promoter via direct 
binding. 

The expression of ORF48 relies on 48pRRE and RTA during 
de novo infection. The above observations suggested that RTA 
activated the ORF48 promoter in the reporter assay and that acti- 
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vation was mediated by 48pRRE located in the ORF48 promoter. 
We next investigated whether RTA could activate the expression 
of ORF48 in the context of the viral genome during MHV-68 de 
novo infection. To facilitate the analysis of endogenous RTA and 
ORF48 expression, we first took advantage of the bacterial artifi- 
cial chromosome (BAC) system (45, 46) to construct a recombi- 
nant MHV-68 BAC, termed BAC-RTAFLAG-48HA, using a 
two-step allelic exchange method (40). This recombinant BAC 
expresses a FLAG tag on the C terminus of RTA and an HA tag on 
the C terminus of ORF48 (Fig. 4A). The recombinant BAC plas- 
mid (BAC-RTAFLAG-48HA) was validated by both restriction 
enzyme digestion (Fig. 4B) and direct sequencing analysis. The 
BAC plasmid was then transfected into 293T cells to reconstitute 
virus (named rMHV68). To verify that this doubly tagged virus 
has no deficiency in lytic gene expression, we compared its growth 
kinetics with that of the wild-type MHV-68 and found no obvious 
difference (Fig. 4C). Moreover, the expression of RTA and ORF48 
proteins during de novo infection can be successfully detected by 
Western blotting (Fig. 4D), suggesting that rMHV68 virus can be 
utilized as an important tool to study the expression kinetics, 
function, and localization of RTA and ORF48 proteins in the con- 
text of viral genome. 
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FIG 6 Construction and characterization of an MHV-68 ORF48-null virus. (A) Schematic illustration of the MHV-68 locus harboring the mutation in the 
ORF48-null mutant. Briefly, nucleotide A at position 66487 is mutated to T in order to form a translation termination codon on the viral genome (102 nt 
downstream of the translation start codon for ORF48). (B) Restriction enzyme digestion analysis of BAC-RTAFLAG-48HA and the ORF48-null and revertant 
mutant. (C) Multiple-step growth curves of the recombinant viruses. NIH 3T3 cells were infected at an MOI of 0.01, cells and supernatants were harvested at the 
indicated time points postinfection, and viral titers were determined by plaque assay. 


By taking advantage of this doubly tagged recombinant virus, 
rMHV68, we first determined the subcellular localization of 
ORF48 during de novo infection. Briefly, Vero cells were infected 
with rMHV68 for 12 h at an MOI of 0.5 and then subjected to an 
immunofluorescence assay with antibodies against the FLAG and 
HA epitopes. Detection with a confocal laser microscope demon- 
strated that the endogenous ORF48 protein was distributed in 
both the nucleus and the cytoplasm, and RTA mainly displayed a 
nuclear localization (Fig. 4E). 

To confirm the role of the RTA-responsive element 48pRRE in 
driving ORF48 expression in the context of MHV-68 lytic replica- 
tion, we next generated a mutant BAC, BAC-RTAFLAG-48HA- 
mDI, on the basis of BAC-RTAFLAG-48HA (Fig. 4A and B). The 
corresponding mutant virus, named rMHV68-mDI (mDI), was 
also reconstituted by transfecting BAC-RTAFLAG-48HA-mDI 
plasmid into cultured cells. Utilizing these recombinant viruses, 
we first investigated the role of RTA in regulating ORF48 tran- 
scription by reverse transcription-PCR (RT-PCR) during de novo 
infection at a very early time after viral infection. As shown in Fig. 
5A, exogenous RTA enhanced transcription of ORF48 from the 
viral genome at 4 h after MHV-68 infection (lanes 1 and 2), and 
such enhancement was almost diminished by disruption of 
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48pRRE (rMHV68-mDI) (lanes 3 and 4). To confirm this result, 
Northern blotting was carried out (Fig. 5B). In rMHV68 infected 
cells, introduction of exogenous RTA increased the transcription 
level of ORF48 (Fig. 5B, lanes 3 and 4); however, in cells infected 
with rMHV68-mDI, ORF48 could barely be detected, especially in 
the absence of exogenous RTA protein (Fig. 5B, lanes 5 and 6). We 
thus concluded that, during the very early stage of MHV-68 de 
novo infection, cis element 48pRRE mediated the activation of 
ORF48 transcription by RTA (Fig. 5B, compare lanes 3 and 5) and 
that the activation could be further enhanced by exogenous RTA. 

We next examined whether the protein level of ORF48 
would also increase as a result of RTA activation. We trans- 
fected 293T cells with pCMVHA-mRTA (or pCMVHA) and 
after 24 h individually infected the cells with rMHV68 or the 
rMHV68-mDI mutant for 6 and 8 h, which are the early time 
points when ORF48 protein is detectable by Western blotting. 
As shown in Fig. 5C, in cells infected with rMHV68, ORF48 
expression notably increased in the presence of exogenous RTA 
(lanes 1 and 3). In contrast, in cells infected with rMHV68- 
mDI, ORF48 expression could not be detected in either the 
presence or absence of exogenous RTA (lanes 2 and 4); very 
weak expression of ORF48 was observed in rMHV68-mDI- 
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infected cells only in the presence of exogenous RTA at 8 h 
postinfection (lane 8). These data provided further evidence 
that 48pRRE is critical for ORF48 expression. 

To further investigate the involvement of RTA in activating 
ORF48, we also employed a dominant negative form of MHV-68 
RTA, FLAG-RD2 (339 amino acids [aa]) (47). Cells were trans- 
fected with FLAG-RD2 (or empty vector as a control) and infected 
with rMHV68 or rMHV68-mDL. As shown in Fig. 5D, in the pres- 
ence of FLAG-RD2, the expression level of the endogenous RTA 
was reduced to 41.7% of that in the vector-transfected cells (Fig. 
5D, first panel, lanes 1 and 2), consistent with auto-activation of 
RTA that was reported previously (22, 47). However, the expres- 
sion level of ORF48 in cells infected with rMHV68 was more se- 
verely repressed, to 19%, by FLAG-RD2 (Fig. 5D, second panel, 
lanes 1 and 2), indicating that expression of ORF48 relies on func- 
tional RTA. In cells infected with rMHV68-mDI, the expression 
level of ORF48 was reduced to only 3.4% of that of rMHV68, and 
this was further reduced to 1.8% in the presence of FLAG-RD2 
(Fig. 5D, second panel, lanes 1, 3, and 4). Interestingly, the expres- 
sion level of RTA increased to approximately eight times that in 
cells infected with rMHV68, but this was again reduced by the 
presence of FLAG-RD2 (Fig. 5D, first panel, lanes 1, 3, and 4). 
Therefore, knocking down RTA function resulted in decreased 
ORF48 expression, demonstrating that the expression of ORF48 
depends on functional RTA during de novo infection. 

Collectively, these results demonstrated that 48pRRE is critical 
for ORF48 expression and that RTA activates ORF48 expression 
through 48pRRE in the context of viral infection. 

Construction and characterization of an ORF48-null MHV-68 
virus in vitro. Having characterized the transcriptional regulation 
of ORF48, we next sought to investigate the role of ORF48 during 
MHV-68 de novo infection. In order to precisely analyze the func- 
tion of ORF48 in vitro and in vivo, we constructed an ORF48-null 
mutant (designated BAC-48S) based on the BAC-RTAFLAG- 
48HA through site-specific mutagenesis (Fig. 6A). Restriction en- 
zyme analysis showed that the 48S BAC exhibited the same diges- 
tion pattern as RTAFLAG-48HA BAC (Fig. 6B), suggesting that 
no undesired mutation was introduced. DNA sequencing further 
confirmed that the stop codon mutation was successfully inserted 
into the MHV-68 ORF48 region (data not shown). To ensure that 
any phenotype displayed by 48S is associated with the ORF48-null 
mutation but not due to any additional recombination or acciden- 
tal mutation on the MHV-68 genome, a revertant of BAC-48S 
(named BAC-48S.R) was also generated from BAC-48S by replac- 
ing the ORF48-STOP with a wild-type copy of ORF48. In restric- 
tion enzyme digestions and DNA sequencing analyses, the 485.R 
BAC exhibited the same fragment patterns as RTAFLAG-48HA 
BAC (Fig. 6B, and data not shown). 

The BAC plasmids of wild-type, null-mutant, and revertant 
were then individually transfected into cell cultures to reconstitute 
rMHV68, r48S, and r48S.R viruses. To facilitate the in vivo infec- 
tion study, the BAC backbone sequence of the rMHV68, r48S, and 
r48S.R viruses was further removed by Cre recombination in 293T 
cells (41) to reconstitute r68, 48S, and 48S.R viruses separately. To 
examine the role of ORF48 during MHV-68 lytic replication in 
vitro, we first employed multiple-step growth curve analysis. As 
shown in Fig. 6C, replication of the 48S virus was remarkably 
slower than that of r68 and 48S.R in NIH 3T3 cells at and after 24 
h postinfection, indicating that ORF48 is important for MHV-68 
lytic replication in cell culture. 
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FIG 7 MHV-68 ORF48-null virus displayed a significant growth defect in the 
lung of infected mice. Results from one representative experiment are shown. 
(A) Body weights of BALB/c mice infected with 500 PFU of each indicated 
virus. (B) Infectious virus load in the lungs. The lungs were removed from 
infected mice at the indicated time points postinfection, and tissue homoge- 
nates were used to measure viral titers by standard plaque assays. Each time 
point represents data from five animals, and error bars represent standard 
deviations. 


ORF48 plays an important role during lytic infection in the 
lung and the establishment of latency in the spleen. We next 
sought to explore the in vivo function of ORF48. First, BALB/c 
mice were intranasally infected with 500 PFU of r68, 48S, or 48S.R 
virus. The body weights of the mice infected with each virus dis- 
played no significant difference (Fig. 7A). As MHV-68 establishes 
transient lytic replication in lung epithelial cells after intranasal 
infection, we tested the titer of each virus in the lung at various 
time points. The replication levels and kinetics of r68 and 48S.R 
were very similar to each other. 48S virus, on the other hand, 
replicated much less efficiently than r68 or 48S.R, especially at 
peak time points, resulting in approximately 30-fold and 50-fold 
lower titers at 5 and 7 days postinfection, respectively (Fig. 7B). 
The attenuated growth of 48S virus during acute infection sug- 
gested that ORF48 is important for robust lytic replication of 
MHV-68 in the lung of infected mice. 

After being cleared from the lung by the host immune system, 
MHV-68 further establishes latency in the spleen, with a peak viral 
load at 2 to 3 weeks postinfection (42, 48, 49). At this peak time of 
viral latency, the mice exhibit a mononucleosis-like symptom due 
to an amplification of lymphocytes, which causes a significant 
increase in spleen weight. Indeed, infection of mice with r68, 48S, 
or 48S.R led to a gradual increase in spleen weight that reached its 
peak at day 14 postinfection. However, the spleens of 48S virus- 
infected mice were smaller than those of mice infected with r68 or 
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FIG 8 ORF48 is important for MHV-68 latent infection in the spleen. Results from one representative experiment are shown. (A) The spleen weights of mice 
infected with 500 PFU of viruses at the indicated days postinfection. (B) Representative images of spleens from mice infected at 14 days postinfection. (C) 
Quantitative analysis of the viral DNA load in the splenocytes from r68-, 48S.R-, or 48S-infected mice. Real-time PCR was performed using primers specific for 
MHV-68 ORF65. All time points represent results from five animals, and error bars represent standard deviations. (D to F) Levels of reactivating viruses in the 
spleens of infected mice. Single-cell suspensions were obtained from spleens harvested at the indicated days postinfection and subjected to infectious center assays 
to determine the virus reactivation efficiency (D). Ex vivo limiting dilution assays were also performed with the same single-cell suspensions harvested at day 14 
(E) and day 21 (F) postinfection. For each virus infection at each time point, splenocytes from five infected mice (5 X 10° cells each) were pooled and analyzed 
in the limiting dilution assay. *, P < 0.05; **, P < 0.01 (comparison between results for r68 or 48S.R and 48S). 


48S.R on days 9, 14, and 21 postinfection (Fig. 8A and B). To test with 500 PFU virus, the body weight of mice infected with 48S 
the latent viral genome load, we prepared single-cell suspensions virus showed no obvious change compared to mice infected with 
from spleens harvested at 14 and 21 days p.i. and quantified the r68 virus (Fig. 9A). 48S virus replicated much less efficiently than 
genome copy numbers in splenocytes by real-time PCR. Whereas r68 in the lung of infected mice, resulting in approximately 100- 
similar levels of viral genome copy numbers were detected in the fold and 50-fold lower titers at 5 and 7 days postinfection, respec- 
splenocytes from r68- or 48S.R-infected mice at 14 and 21 days tively (Fig. 9B), induced less splenomegaly at days 11 and 14 
postinfection, considerably fewer viral genomes were detected postinfection (Fig. 9C), and showed impaired reactivation effi- 
from 48S-infected mice (Fig. 8C). These results implied that al- ciency at the two time points tested (Fig. 9D). Therefore, a higher- 
though the ORF48-null virus was able to establish splenic latency, dose MHV-68 infection of mice did not rescue the impairment 


efficiency was impaired. displayed by the ORF48-null mutation in either lytic replication 
To further assess the level of viral latency for r68, 48S.R, and or latency. 
48S infection, infectious center assays (Fig. 8D) and ex vivo limit- Collectively, these results indicated that after infection of mice 


ing dilution assays were performed on splenocytes from infected via the respiratory route, regardless of the viral inoculum dose, 
mice at the time points indicated (Fig. 8E and F) (42,50). Again,in ORF48 plays an important role in MHV-68 lytic replication in the 
the splenocytes from mice infected with 48S, viral reactivation lung as well as in latency establishment and viral reactivation from 
efficiency was significantly lower than that in those from mice splenocytes. 


infected with r68 or 48S.R, indicating that although the ORF48- ORF48 plays an important role in the establishment of MHV-68 
null virus is able to establish splenic latency, the efficiencyislargely latency through intraperitoneal infection. Through the intranasal 
impaired. inoculation route, MHV-68 first undergoes acute lytic infection in 


The above infection experiments were performed using a rela- the lung of infected mice before being transmitted to and estab- 
tively low inoculum dose of 500 PFU. To test whether a higher- lishing latency in the spleen (51). Therefore, the lower level of 
dose infection would overcome the impairment of lytic replica- latency achieved by 48S virus, as we observed above, may be 
tion and establishment of latency displayed by ORF48 deficiency, due to attenuated acute replication in the lung. Alternatively, 
we infected mice intranasally with 5 X 10* PFU of r68 or 48S virus ORF48 may play an important role in the establishment of 
and repeated the experiment. Similar to the result from infection latency regardless of lytic replication in the lung. To more di- 
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FIG9 A higher dose of inoculum intranasally does not rescue the impairment displayed by ORF48-null mutation in either lytic replication or latency. (A) 
Body weights of BALB/c mice infected with 5 X 10* PFU of each indicated virus. (B) Viral titers in lungs from infected mice were determined at 3, 5, 7, 
and 9 days p.i. (C) Measurement of spleen weights at indicated days after inoculation. (D) Levels of reactivating viruses in the spleens of infected mice. 
Single-cell suspensions were obtained from spleens harvested at days 14 and 21 postinfection and subjected to infectious center assays. For all experiments, 
each time point represents data from five animals, and error bars represent standard deviations. *, P < 0.05; **, P < 0.01 (comparison between results for 


r68 and 48S). 


rectly assess the effect of ORF48 on viral latency, we next per- 
formed intraperitoneal inoculation of mice to bypass acute vi- 
ral replication in the lung. We inoculated BALB/c mice 
intraperitoneally with 500 PFU of either r68, 48S.R, or 48S. 
After 14, 18, 21, and 28 days of infection, mice were sacrificed, 
and spleens were harvested and examined for viral latency. The 
body weights of infected mice increased gradually with no sig- 
nificant difference among these three MHV-68 viruses (Fig. 
10A). Although the spleen weights from all three infected 
groups peaked at day 14 postinfection, 48S induced less spleno- 
megaly at all time points on and after 14 days than r68 and 
48S.R (Fig. 10B). To quantitatively analyze the level of viral 
latency, we first measured the viral genome copies in the 
splenocytes and found that all three viruses were able to estab- 
lish latency in the spleen at day 14 postinfection; furthermore, 
at days 18 and 21 postinfection, the viral genome load in the 
splenocytes of 48S-infected mice was significantly lower than 
that of r68- or 48S.R-infected mice (Fig. 10C). Consistent with 
these observations, infectious center assays revealed that these 
three viruses exhibited comparable frequencies of reactivation 
at day 14 postinfection; however, the reactivation efficiency for 
48S virus was lower than that of r68 and 48S.R at days 18, 21, 
or 28 postinfection (Fig. 10D). Limiting dilution assays on 
splenocytes harvested at days 18, 21, and 28 confirmed the 
reduction in reactivation efficiency for 48S (Fig. 10E, F, and G). 
Taken together, these results demonstrated that MHV-68 
ORF48 plays an important function in viral latency in spleno- 
cytes regardless of lytic replication in the lung. 

In this study, we characterized the transcription unit of 
MHV-68 ORF48 and identified that it is expressed as a viral early 
gene during lytic replication (Fig. 1). We further found that 
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ORF48 is activated by RTA both in reporter assays and during 
MHV-68 de novo infection and mapped the cis element in the 
ORF48 promoter that mediates its activation by RTA (Fig. 2 to 5). 
RTA functions as the molecular switch for MHV-68 and KSHV 
and activates the expression of many downstream viral lytic genes. 
Three viral genes, ORF18, ORF57, and ORF72, have previously 
been reported to be regulated by MHV-68 RTA (30-32). Although 
the RREs for ORF57 and ORF72 were identified, the mechanisms 
responsible for RTA controlling these elements were not investi- 
gated (30, 31). For ORF18, a 27-bp RRE was identified through a 
combination of reporter assay, EMSA, and viral genetics (32). The 
48pRRE mapped in this study (Fig. 2) does not share significant 
homology with the RREs of the ORF57 and ORF72 promoters. 
48pRRE does contain some of the core sequences of ORF18 RRE. 
Consistently, our EMSA and ChIP assay (Fig. 3) showed that RTA 
binds 48pRRE in vitro and in vivo, indicating that RTA activates 
the ORF48 promoter in a direct-binding manner even though we 
cannot exclude the possibility that other cellular factor(s) may 
assist with RTA’s binding to 48pRRE. 

ORF48 is conserved among all gammaherpesviruses, but its 
function remained largely unclear. In this study, by introducing a 
stop codon into the coding region of ORF48 to construct an 
ORF48-null virus, we examined the function of ORF48 both in 
vitro and in vivo. The results showed that the viral titer of ORF48- 
null virus decreased more than 50-fold compared to that of wild- 
type MHV-68 (Fig. 6), indicating that ORF48 is important for 
MHV-68 lytic replication and virion production in cell culture. In 
addition, ORF48-null virus not only replicated less efficiently in 
the lung of infected mice but also exhibited a reduced level of 
latency in the spleen and was reactivated with impaired efficiency 
(Fig. 7 to 10), regardless of the inoculum doses and routes. Al- 
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FIG 10 ORF48 is important for MHV-68 latent infection during intraperitoneal inoculation. Results from one representative experiment are shown. (A) Body 
weights of mice at indicated days after infection with 500 PFU viruses. (B) Spleen weights at indicated days postinfection. (C) Quantitation of viral DNA in the 
splenocytes. ns, not significant (P > 0.05; *, P < 0.05; **, P< 0.01, comparing the results between r68 or 48S.R and 48S. (D to G) Levels of viral reactivation from 
splenocytes. Single-cell suspensions were obtained from the spleens harvested at days 14, 18, 21, and 28 postinfection and examined for reactivation efficiency by 
infectious center assays (D). Single-cell suspensions from day 18 (E), day 21(F), and day 28 (G) were also subjected to ex vivo limiting dilution assays. For each 
virus infection at each time point, splenocytes from five infected mice (5 X 10° cells each) were pooled and analyzed. 


though the mechanism involved needs further investigation, our 
data overall proved that ORF48, as an RTA-responsive gene prod- 
uct, plays important roles in the MHV-68 life cycle. 
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